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S evere malaria remains one of the largest causes of childhood mortality in the world. The number of deaths is high at Ϸ1-2 million per year; however, this number represents a small fraction of the total number of clinical malaria episodes that occur worldwide, estimated to be Ϸ400-900 million (1) . Much work has been done to determine the factors that lead to the development of severe malaria, with parasite virulence phenotypes and host genetic factors being two major foci of research. One such Plasmodium falciparum virulence phenotype is rosetting, an adhesion property in which parasitized red blood cells (RBCs) bind to unparasitized RBCs to form clumps of cells (2) . Rosetting is thought to contribute to malaria pathology by causing microvascular obstruction and impaired tissue perfusion (3, 4) . Rosetting has been associated with severe malaria in many studies in Africa (e.g., refs. 5-7), although no association with severe disease was seen in Southeast Asia (8) or Papua New Guinea (PNG) (9) . This inconsistency in the association of rosetting with severe disease has led some investigators to question the role of rosetting in malaria pathogenesis (10) .
Rosetting is mediated by the parasite ligand PfEMP1 on the surface of infected RBCs (11, 12) , binding to a variety of uninfected RBC receptors, including complement receptor 1 (CR1) (11, 13) . CR1 is an immune-regulatory protein found on RBCs and a variety of leukocytes, and its functions include control of complement activation and the clearance of immune complexes (14) . On RBCs, CR1 levels vary between individuals in the range of 50-1,200 molecules per cell (15) (16) (17) (18) (19) (20) (21) . In Caucasians, RBC CR1 levels are genetically determined and are associated with at least three single-nucleotide polymorphisms (SNPs) in the CR1 gene (in exon 22, intron 27, and exon 33; ref. 22 ). These SNPs comprise high (H) and low (L) CR1 expression haplotypes that are codominant and are associated with CR1 level on RBC, but not on other cell types, such as B cells and macrophages (15) . We have shown previously that CR1-deficient RBCs from LL homozygotes with Ͻ200 CR1 molecules per cell show greatly reduced rosetting with P. falciparum-infected RBCs (ref. 11 and J.A.R., unpublished data). We reasoned that if rosetting is important in malaria pathology, then CR1 deficiency should protect against severe disease by reducing rosettemediated microvascular obstruction. CR1 deficiency is thought to be rare in most populations; however, a review article (23) stated that 28 of 67 Melanesians had CR1-deficient RBCs. No experimental details were given, and no further information was published to validate this claim. This tantalizing suggestion that CR1 deficiency could be very common in Melanesians led us to examine the prevalence and genetic basis of CR1 deficiency in PNG and to determine whether RBC CR1 deficiency protects against severe malaria.
Methods
Study Sites and Sample Collection. We collected fresh blood samples into EDTA from healthy adult volunteers at two malaria-endemic sites within PNG (New Ireland and Madang) and from Edinburgh, United Kingdom. Informed consent was given by all donors after the aims of the project were explained, and the PNG Medical Research Advisory Committee approved all protocols. In Edinburgh and New Ireland the blood samples were analyzed fresh, whereas in Madang, buffy coats were removed for DNA extraction and the RBCs were fixed in 5% formaldehyde (24) before shipping to the United Kingdom. Buffy-coat samples from the Eastern Highlands Province (PNG) were kindly made available to us by the PNG Institute of Medical Research and came from a village 2,000 m above sea level, where no regular malaria transmission exists. New Ireland and Madang both have intense year-round malaria transmission with a spleen enlargement rate of Ͼ70% (25, 26) .
Determination of RBC CR1 Level. The mean RBC CR1 level on both fresh and fixed blood samples was determined as described (24) . In brief, the CR1 level was determined by flow cytometry using the anti-CR1 monoclonal antibody J3D3, with comparison to a standard curve derived from a set of reference RBCs with known This paper was submitted directly (Track II) to the PNAS office.
Abbreviations: PNG, Papua New Guinea; G6PD, glucose-6-phosphate dehydrogenase; CR1, complement receptor 1; SNP, single-nucleotide polymorphism. CR1 levels. The reference RBCs used to establish the assay had their CR1 expression initially determined by the use of 125 Ilabeled antibody and Scatchard analysis to determine the number of antigenic sites per cell, controlling for the number of antibody-binding sites per CR1 molecule (24) . We have shown that fresh and fixed RBC samples are similar and that CR1 level can be assessed accurately on fixed RBCs provided that the reference RBCs used to generate the standard curve are fixed in the same manner (24) .
DNA Extraction and Genotyping. DNA was extracted from buffy coats by using the Nucleon BACC I kit (Amersham Pharmacia Life Science). Samples were genotyped for three SNPs in the CR1 gene at nucleotide 3650 in exon 22, a HindIII restriction fragment length polymorphism in intron 27, and at nucleotide 5507 in exon 33 by PCR and restriction digest as described (22) . ␣-Thalassemia genotyping for the Ϫ␣ 3.7 and Ϫ␣ 4.2 deletions was done by multiplex PCR according to the method of Chong et al. (27) . Southeast Asian ovalocytosis genotype was determined by PCR as described (28) . DNA samples for the case-control study were as described (29, 30) and were amplified by primerextension preamplification (31) before CR1 genotyping. ␣-Thalassemia genotyping for the case-control study was carried out by Southern blotting (29) .
Determination of Glucose-6-phosphate Dehydrogenase (G6PD) Deficiency.
Whole-blood samples from Madang and New Ireland were screened for G6PD deficiency by using Sigma Procedure no. 400 (Sigma).
Statistical Analysis. Statistical tests for differences in RBC CR1 levels between populations, between CR1 genotypes, and between ␣-thalassemia genotypes were performed by using multiway ANOVA and F tests in the statistical package SAS (SAS Institute, Cary, NC). Further analyses were performed to test for population differences in the frequencies of the CR1 alleles and ␣-thalassemia genotype by using the 2 test or Fisher's exact test when the numbers of observations per cell were small. Odds ratios for the protective effects of genotypes in the case-control study were derived by logistic regression analysis in SAS. Data were analyzed by using both conditional and unconditional logistic regression; conditional logistic regression allows for matching of case-control pairs and maximizes power. However, because CR1 genotyping was not carried out in pairs, information was unnecessarily lost by using conditional logistic regression, and so results from unconditional analyses were used. This choice made no difference in the outcome of the analysis, nor did the fitting of ethnic groups in the model make a difference in the outcome.
Results
We measured the RBC CR1 levels of healthy adult volunteers from two highly malarious regions of PNG (Madang and New Ireland) and from a control Caucasian population from Edinburgh, United Kingdom. CR1 levels in Edinburgh varied between individuals in the range of 235-1,181 molecules per cell, with a mean of 786 ( Fig. 1a) . These results are similar to CR1 levels described in other Caucasian populations ( Table 1) , showing that our assay for CR1 (24) is similar to those used previously. In PNG, CR1 levels were significantly lower than in Edinburgh ( Fig. 1a , P Ͻ 0.001), with 79% of individuals in Madang and 55% of individuals in New Ireland having fewer than 200 CR1 molecules per cell. The mean RBC CR1 levels in Madang and New Ireland are the lowest in the world (Table  1 ). These results indicate that, in malarious regions of PNG, CR1 deficiency is extremely common and could therefore play a major role in inf luencing susceptibility to severe malaria.
To ascertain whether RBC CR1 levels in Melanesians are genetically determined, we studied the three SNPs in the CR1 gene that have been associated with CR1 expression levels in Caucasians (22) . The CR1 exon 22 SNP (A͞G at nucleotide 3650) showed the strongest association with RBC CR1 level in all three populations; therefore, only exon 22 data are shown. At all three study sites the exon 22 genotype had a highly significant effect on RBC CR1 level, with carriers of the G3650 low (L) expression allele having significantly lower CR1 levels than HH individuals ( Fig. 1 b-d , F 2,96 ϭ 50, P Ͻ 0.001). The RBC CR1 levels of HL individuals were intermediate between those of HH and LL individuals, as expected for codominant alleles. The frequency of the CR1 L allele in the malarious regions of PNG is the highest described in the world to date ( Table 1 , significantly different to Edinburgh, 2 Ͼ6, P Ͻ 0.01). DNA samples were also studied from the nonmalarious Eastern Highlands Province of PNG, and the frequency of the L allele was found to be significantly lower than in the malarious regions (Table 1, 2 ϭ 8.1, P Ͻ 0.01). This may indicate selection for the L allele in areas with high malaria mortality, although other explanations cannot be excluded. The data above indicate that RBC CR1 levels in Melanesians are associated with polymorphisms in the CR1 gene. However, even when matched for exon 22 genotype, CR1 expression levels in Edinburgh, Madang, and New Ireland remained significantly different from each other (F 2,96 ϭ 66.0, P Ͻ 0.001). For example, the CR1 levels of HH individuals from PNG are lower than those of HH individuals from Edinburgh ( Fig. 1 b-d ), suggesting that additional factors influence CR1 levels in Melanesians.
We investigated whether other RBC polymorphisms that occur commonly in PNG such as ovalocytosis (30) , G6PD deficiency (32) , and ␣-thalassemia (32) could affect RBC CR1 levels. ␣-Thalassemia occurred in 89% of individuals in Madang and in 23% of individuals in New Ireland. At both sites, individuals with one or more ␣-thalassemia mutations had RBC CR1 levels significantly lower than those of nonthalassemic individuals (Fig. 2 a and b , F 1,111 ϭ 12.4, P Ͻ 0.001). The effect of ␣-thalassemia genotype on RBC CR1 level was independent of the CR1 exon 22 polymorphism, because both genotypes were statistically significant when simultaneously included in the analysis (F 2,110 ϭ 10, P Ͻ 0.001 for ␣-thalassemia genotype; F 2,110 ϭ 44, P Ͻ 0.001 for exon 22 genotype). Thus, an individual's RBC CR1 level depends on both their CR1 exon 22 genotype and their ␣-globin genotype (Fig. 2c ). Significant population differences still remained after including ␣-thalassemia and CR1 exon 22 genotype in the statistical model, suggesting that additional factors that inf luence RBC CR1 levels in Melanesians are undetected. Ovalocytosis and G6PD deficiency occurred in up to 15% of individuals in Madang and New Ireland and were not associated with RBC CR1 level (ovalocytosis, F 1,115 ϭ 0.2, P Ͼ 0.10; G6PD deficiency, F 1,115 ϭ 1.8, P Ͼ 0.10).
To determine whether the low CR1 levels in PNG influence susceptibility to severe malaria, we studied DNA samples from a case-control study carried out in Madang. These samples have been used previously to show that ␣-thalassemia and ovalocytosis confer protection against severe malaria (29, 30) . One hundred eighty severe malaria cases and 179 community controls (matched for age, sex, ethnicity, season, and residential location) were genotyped for the CR1 exon 22 polymorphism. The data were analyzed by logistic regression, incorporating the previously identified protective factors of ovalocytosis (30) and ␣-thalassemia (29) into the model. We found that HL individuals for the CR1 exon 22 polymorphism were significantly protected against severe malaria (odds ratio, 0.33; P ϭ 0.01; Table 2 ). The protective effect of the HL genotype was most prominent when present on a homozygous ␣-thalassemia background (odds ratio, 0.13; 95% confidence intervals, 0.02-0.67; P ϭ 0.005). In contrast, HH͞normal ␣-globin individuals, who would be expected to have the highest CR1 levels ( Figs. 1 and 2) , were most at risk of severe malaria, with this genotype being found in seven severe cases but no controls (P ϭ 0.015 by Fisher's exact test). When the cases were subdivided into different severe malaria syndromes, the odds ratios for the HL genotype were reduced for severe anemia and cerebral malaria but not for other forms of severe malaria (a pool of metabolic complications, Table 2 ). The odds ratios for the LL genotype were also reduced for all severe malaria cases, severe anemia, and cerebral malaria but did not reach statistical significance ( Table 2) . 
Discussion
This study shows that RBC CR1 deficiency is extremely common in malaria-endemic regions of PNG and that polymorphisms associated with CR1 deficiency confer protection against severe malaria. As parasites invade and grow normally in both CR1deficient normal (33) and thalassemic RBCs (34) , the simplest interpretation of our findings is that these polymorphisms protect against severe malaria through CR1 deficiency bringing about reduced rosetting (11, 35) . Positive selection of rosettereducing polymorphisms in a human population with high malaria mortality is strong evidence that CR1-mediated rosetting plays a causal role in the pathogenesis of severe malaria.
The case-control study results shown here indicate that heterozygotes for the CR1 low-expression allele (HL) are significantly protected from severe malaria, whereas homozygotes (LL) have a reduced odds ratio, but this reduction does not reach statistical significance. It is unclear whether the difference between the levels of protection provided by the HL and LL genotypes is genuine, and a larger sample size would be required to resolve this issue. The only previous small study of CR1 polymorphisms and malaria suggested that the LL genotype is a risk factor for severe malaria in Thai adults (36) . In Southeast Asia, severe malaria in characterized mainly by metabolic disturbances and multiorgan failure (37) rather than by severe anemia and cerebral malaria, which occur commonly in children in PNG (38) . Our data for the small subgroup of children with metabolic forms of severe malaria indicated a trend toward increased risk for LL individuals. It is possible that the L allele protects against the forms of severe malaria caused by microvascular obstruction and RBC damage (by means of reduced rosetting), but it increases risk for other syndromes with different pathological mechanisms, such as multiorgan failure and metabolic disturbances (39) . The results shown here linking RBC CR1 expression to ␣-thalassemia are striking. Although the protective effect of this disorder is well known (25, 29) , the mechanism is debated (40) . Parasite growth is unimpaired in thalassemic cells (34) , so investigators have sought explanations based on reduced cytoadherence (41) or enhanced immune recognition (42) . Carlson et al. (35) showed a large reduction in rosetting with thalassemic RBCs. They argued that this could be a result of microcytosis, because thalassemic cells have Ϸ15% less surface area than normal RBCs (42) . However, thalassemic RBCs formed rosettes less well than microcytic RBCs with normal hemoglobin (35) . Microcytosis is insufficient to explain the reduction in RBC CR1, which is Ϸ50% lower in thalassemic individuals than in those with normal ␣-globin (Fig. 2c) . The mechanism responsible for low CR1 on thalassemic RBCs is unclear. CR1 is preferentially lost in vesicles from the cell surface as RBCs age or become ATP-depleted (43, 44) . It is possible that biochemical abnormalities in thalassemic RBCs promote a similar process that would reduce their CR1 level.
The high prevalence of CR1 deficiency in Southeast Asia and PNG could explain why rosetting is not associated with malaria severity in this region (8, 9) . Rosetting is greatly reduced in CR1-deficient RBCs, but some small rosettes still form in in vitro cultures, presumably by using other RBC receptors such as the A or B blood group sugars (45) . These small and weak rosettes are unlikely to withstand the sheer forces encountered in the circulation in vivo. Therefore, many of the rosettes observed in vitro in Southeast Asia and PNG may not be physiologically relevant. In Africa, on the other hand, RBC CR1 deficiency does not appear to have been selected to high frequencies (19, 21) . Instead, African populations possess other CR1 polymorphisms, such as the Knops blood group antigens that reach high frequencies in East and West Africa (ref. 46 and J.A.R. and J.M.M., unpublished data). Our initial DNA-based studies of these African CR1 polymorphisms have been complicated by a high level of genotype͞phenotype mismatch (47) ; therefore, a prospective case-control study is underway to examine the effect of RBC CR1 phenotype on severe malaria in Africans. Clearly, the selective pressure of malaria has acted in different ways on the CR1 gene in diverse populations.
The results of this study have therapeutic implications. Case fatality rates for severe malaria are high, even in areas with intensive care facilities, so new approaches to treatment are urgently needed (48) . Our findings indicate that therapies aimed at inhibiting CR1-mediated rosetting, such as soluble recombinant CR1 (49) , could be of benefit in treating severe malaria. Alternatively, development of a vaccine against the parasite rosette-mediating ligand PfEMP1 (11) may prevent some cases of severe disease. The selective pressure of malaria on a major rosetting receptor indicated by our results strongly supports a direct role for CR1-mediated rosetting in the pathogenesis of severe disease and emphasizes that further research to develop rosette-inhibiting interventions should be a high priority.
